Reversible and Irreversible Effects of
Densely Ionizing Radiations Upon
the Reproductive Capacity of
Cultured Human Cells*
PAUL TODD

Donner Laboratory, University of California, Berkeley

Introduction
More than eight years have passed
since Puck and his colleagues first
developed the now-common laboratory techniques for the continuous
cultivation of mammalian cells in
the same manner as microorganisms
and with the same assays for reproductive capacity (Puck et al., 1956).
The widespread use of cultured
mammalian cells as radiobiological
test objects has steadily improved
our understanding of the mammalian
radiation syndromes (Elkind, 1961).
Detailed experiments under altered
environmental conditions and with
a variety of ionizing radiations indicate that the physico-chemical basis
of radiation sensitivity in mammalian
cells is not unlike that of microorganisms when reproductive capacity
(colony forming ability) is used as
the end-point (Barendsen, 1960;
Barendsen and Walter, 1964; Todd,
1964).
The purpose of this paper is to
summarize the experimental data
that have been accumulated to
demonstrate that environmental factors that alter the sensitivity of the
reproductive capacity of cultured
mammalian cells to the effects of xand -y-rays fail to alter the effects

* Based on a lecture presented to
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of densely-ionizing particulate radiations or alter them less effectively.
Only work with cultured human kidney "Tl " cells will be described, although similar experiments with other
cultured mammalian cells have been
performed (Deering and Rice, 1962 ;
Skarsgard, 1963) , and an excellent
paper by Skarsgard discussing the
use of Chinese hamster cells in the
evaluation of end-points other than
colony forming capacity is forth coming.
Materials and Methods

Cells
Human kidney Tl cells (van der
Veen et al., 1958; Barendsen et al. ,
1960) were cultu red in Eagle's
Minimum Essential Medium (1959),
10 3 in fetal bovine serum. Colony
survival experiments were performed
with fo ur-hour cultures derived from
log-phase cultures and growing on a
day-old "feeder layer" (Puck et al.,
1956) of lethally-irradiated (4000
ra ds) cells in all experiments.

Irradiation
X-irradiations were performed
with highly-filtered 50 kVp radiation
(Todd, 1964) . Cells were irradiated
from above on the bottom surfaces of
plastic petri dishes, to which they
were attached. Medium was removed

during the exposure of cultures under
anoxic conditions.

H eavy-Ion Irradiation
The apparatus used for irradiations
at the Berkeley Hilac is a modified
version of that described by Brustad
(1962 ; Todd and Lyman, manuscript in prepara tion). It differs
mainly in that the experimental beam
pipe is much longer, due to the necessity of interposing a long distance
between the scattering foils and the
sample holder in order to obtain a
wide, uniform beam.
Detailed structure of the ionization
chamber and sample indexing apparatus is shown in Figure 1. The vacuum
window is 38 mm in diameter and is
composed of Dural 0.001 inch thick.
After emerging from the vacuum,
the beam traverses the ionization
chamber, which is constructed of two
mylar foils 0.00025 inch thick and
alumini zed on the inisde surfaces
only. The ionization chamber gas is
dry nitrogen. A 0.001 inch mylar
mask and 12 mm of air separate the
samples from the ionization chamber.
The sample wheel is readily removed
to facilitate the loading of samples
under sterile conditions. The outer
electrode of the ionization chamber
can be removed to facilitate the
mounting of a solid-state detector at
the position occupied by the cells
and at the position of the center of
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Fig. 1-Assembly drawing of apparatus for dosimetry and exposure of mammalian cells to heavy ions. For details see text.

the ionization chamber for the purpose of measuring beam energies at
these locations.
Just prior to mounting sample
dishes in the apparatus the medium
is withdrawn, the cover of the dish is
removed, and the dish is inserted into
the holder as indicated at a and b in
Figure 1, all under sterile conditions.
The loaded wheel is mounted on its
axis, as indicated. Air, which is 4 %
in C02 and saturated with water
vapor (or saturated nitrogen), is ad-

mitted at atmospheric pressure, under
sterile conditions, at room temperature, at the end of the axis and allowed to circulate as indicated by the
arrows in the air path in Figure 1.
Entrance of airborne microorganisms
is prevented by the 0.001 inch mylar
mask indicated at c, held in place
by inner and outer rings shown at e
and d, respectively. The center line of
the beam axis is shown at f After
exposure of the samples to the beam,
the gas hose is removed, the wheel is

removed, the dishes are removed from
the wheel, and medium is added, so
that post-irradiation incubation starts
immediately.

H eavy-lon Dosimetry
The instantaneous dose rate of the
Hilac is roughly thirty times the
average dose rate, as the beam is
pulsed. The problems of pu\sedbeam dosimetry have been studied
by Boag (1951 and 1956), and the
ionization chamber used in these ex3
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periments was designed to cope with
these problems. The charge collected
on a vacuum-tube electrometer was
used to interrupt the beam electronically as soon as the desired dose had
been delivered to each sample, so
that doses delivered varied less than
1 3 among samples receiving the
same exposure. The estimated accuracy of the ionization chamber is
about 4 3 , due to the uncertainty in
the thickness of the sensitive volume.
The foils and gaps in the exposure
apparatus absorbed a small fraction
of the beam energy, thus the ionization-chamber dose was corrected to
cell dose by multiplying by the ratio
of the values of dE/ dx at the two
locations, as determined from energy
measurements with a small semiconductor detector. Beam energies
were all adjusted to about 6.6 MeV /
nucleon at the position of the cells,
so that all of the irradiations were
performed with ions of the same velocity (and, therefore, the same o-ray
spectrum) . The argon beam energy
was 5.7 MeV / nucleon .
The cellular effects of pulsed beams
do not appear to differ from those
due to steady beams (Hood and
Norris, 1964).

Modifying Conditions
The environmental and biological
conditions which modify radiosensitivity were achieved as follows:
Anoxia was achieved by the passage
of highly purified (hot copper or oil
pumped) nitrogen, saturated with
water vapor over the cultures in the
absence of culture fluid for at least
ten minutes before exposure to ionizing radiation. Cells which were allowed to recover from sublethal damage between doses were kept at
36- 37C m the above-described
medium and in an atmosphere of air,
53 in C02 and saturated with water
vapor, as were all cultures at all times
except during exposure. In a similar
experiment by Barendsen and Walter
(1964), chemically-protected cultures
were kept in medium which was 0.025
M in cysteamine 30 minutes prior to
and during radiation exposure. The
radio-protective chemical was washed
4

away immediately afterwards. Cultures were sensitized to the lethal effects of ionizing radiations by growth
for several generations in the thymidine analog 5-iododeoxyuridine
(IUdR) at a concentration of 20
micromolar (Tym and Todd, 1964).
The drug was removed from the
cells four hours prior to exposure,
so that all that remained was presumably in the DNA of the cells
(Djordevic and Szybalski, 1960).
The observed consequences of each
of these treatments on the radiation

sens1tlv1ty of human kidney cells is
described under "Results."
Results

Standard X-ray Survival Curve
For exposure to graded doses of
x-rays 4 hours after plating, the standard survival curve for the colonyforming ability of Tl cells attached to
the bottom of plastic petri dishes containing medium is shown for 50 kVp
x-rays in Figure 2. In most radiation
experiments a set of dishes was ex-
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Fig. 2-Dose-response curve for the colony forming ability (expressed as a
fraction of that of unirradiated controls) of Tl cells exposed to 50 kVp x rays.
The growth curve is that of unirradiated cells.
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Fig. 3-Survival curves for Tl cells .irra~iated by 50-kVp x rays under nor111;a'.
conditions (open circles) and in m01st mtrogen gas. Gro~th curves for umr
radiated cultures are presented with the data as an evaluat10n of the cells and
medium.

posed to three or more different doses
of x-rays and compared to the curve
of Figure 2 to ascertain that the experimental cells were from a normal
culture. The continuous downward
curvature of the curve at high doses
appears to be characteristic of Tl
cells (Barendsen, 1962). On the survival curves, vertical bars represent
the propagated standard errors of
colony counts on control and irradiated dishes. Standard errors smaller
than the plotted points are not indicated. Due to the necessity of pipetting small numbers of cells onto small
dishes, the standard errors were seldom less than 3 3 and occasionally
exceeded 5 3 of the mean survival.
Growth curves of unirradiated cultures are determined and recorded in
each experiment.

The Effect of Oxygen
The "sigmoid" shape of the mammalian-cell survival curve for colony
formation in vitro was first discovered
by Puck and associates (1956), and
typical examples are shown again in
Figure 3, which presents the plots of
survival of colony forming ability
against dose of 50 kVp x-rays in the
presence and absence of oxygen. The
cells appear to be about 2.8 times as
sensitive to x-rays in the presence of
oxygen , in agreement with the observations of D . M. Dewey, who was
probably the first to observe this effect in cultured mammalian cells
(1960) .

Response of Cells to Heavy-Ion
Irradiation
Typical dose-survival curves ob5
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Fig. 4-Response of the colony-forming ability of Tl cells to irradiation with
heavy ions of equal velocity. The ion and its average charge is indicated on each
plot. Plotted squares correspond to data obtained under anoxic conditions. Solid
points are for x-irradiation, and open circles are for heavy-ion irradiation.

tained by irradiations with different
ions at the same velocity are presented
in Figure 4. Each experiment was performed at least twice to evaluate the
reproducibility of the results. Each
heavy-ion survival curve (open circles) is accompanied by a growth
curve and an x-ray survival curve as
a simultaneous test of the growth and
radiation response of the culture.
Argon ions were not used at the
standard energy of 6.6 MeV / nucleon,
but 5.7 MeV / nucleon . The survival
6

curves indicated by open squares in
Figure 4 were obtained by the passing
of moist purified nitrogen gas into the
exposure wheel shown in Figure 1.
Cells were exposed to the nitrogen
atmosphere for at least 10 minutes
before exposing to radiation, and
nitrogen was passed over them during
exposure as well. Due to the nature
of the experimental arrangement,
most cultures remained in nitrogen
for a few minutes after exposure
(about 5 minutes is required for the

irradiation of a wheel containing 10
samples).
When cultures are irradiated with
heavy ions there are three distinct
alterations in the dose response of
colony forming ability: There is a
steady increase in sensitivity up to
dE/ dx = 2200 MeV-cm2-g- 1; there
is a change from "sigmoid" to "exponential" survival curves between
dE/ dx = 1650 and 2200 MeV-cm2g- 1; and there is a steady reduction in
the effect of the presence of oxygen
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Fig. 5-Dependence of colony survival upon time between two fractionated
doses for various radiations. Plotted solid points indicate x-ray survival curves.
Open circles are heavy-ion survival curves, and squares connected by dashed lines
are "recovery" curves, or survival vs. time between the two indicated doses.

until its apparent abolition by radiation with dE/ dx = 3000 MeV-cm2g-1 or greater. The exact value at
which the oxygen effect becomes undetectable has not been established.

The Effect of Dose Fractionation
Elkind and Sutton (1960) were
first to show that the subthreshold,
or sublethal, radiation injury accumulated by surviving cells is not
inherited but is rapidly repaired. The
existence of sublethal injury is im-

plicit in the sigmoid shape of the
dose response curves for inhibition
of colony formation. Cell lethality
characterized by an exponential dose
response would not be expected to be
due to the accumulation of sublethal
damage and, hence, would not be
subject to repair between two doses
of ionizing radiation.
Figure 5 summarizes a series of experiments in which human kidney Tl
cells were exposed to x-radiation,
heavy-ion radiation, and paired doses

of heavy-ion radiation separated by
various intervals of time. The increase
of survival with time between two
doses is taken to indicate that cellular recovery occurred between the
exposures. There was evidently no
recovery between paired doses of
carbon ions (dE/ dx = 2200 MeVcm2-g- 1), for which the dose-response
curve appears to be exponential, and
for which the survival appears to remain unchanged with the passage of
time between paired doses.
7
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The Effect of Chemical Protection
Barendsen and Walter (1964)
found a marked reduction in the sensitivity to 200 kVp x-rays of Tl cells
exposed in the presence of 0.025 M
cysteamine. On the other hand, this
chemical protected the cells only
slightly, if at all, against the lethal
action of natural alpha particles having dE/ dx of about 1700 MeV / cm.
See Figure 6.

The Effect of a Thymidine Analog
Djordevic and Szybalski (1960) discovered that IUdR and BUdR (5bromodeoxyuridine), when incorporated into the DNA of cultured
cells, increased their sensitivity to
the lethal effects of ionizing radiation. Figure 7 presents dose-survival
curves for human kidney Tl cells exposed to various ionizing radiations
with and without having incorporated (IUdR) into their DNA.
The sensitizing effect is evidently
present at low and intermediate
values of dE/ dx , but not for fast
carbon ions (dE/ dx = 2200 MeVcm2-g- 1) . There is presumably no
sensitization at higher values of
8

dE/ dx , although no experiments
were performed to verify this point
(Tym and Todd, 1964).
Discussion

The effects of densely ionizing radi ation are modified negligibly, if at
all, by the usual radiation modifying
conditions. This knowledge leads to
some conclusions which should be
useful in understanding the fundamental nature of radiosensitivity.

Mathematical Expression of Data
The dose-survival curves of Figure
4 were analyzed in terms of the relationship

s

= e- DID1[l -

(1 - e- DID2)" ],

(1 )

in which S is the surviving fraction,
Di is the reciprocal of the initial
slope (rads), D2 is the reciprocal of
the final slope minus the initial slope,
D is the dose, and n is the extrapolation number, essentially that defined by Alper, Gillies, and Elkind
(1960) . This form was chosen because
the initial slope of the "sigmoid" Tcell survival curves is non-zero (Barendsen, 1962; Todd, 1964), and it is
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a functional form which yields values
for the parameters D, , D2 , and n
and places the expression of data in
terms similar to these suggested by
Alper, Gillies, and Elkind (1960).
These three survival parameters and
their standard deviations were evaluated from the survival curves by the
method of Berman and Weiss (1963
and 1964), and inactivation "cross
sections" were calculated from D1
and D2according to
f

111 =

1.6 Di and

f

112 =

1.6 D 2

,

(2)

in which 111 and 112 are the inactivation

cross-sections (in square microns)
corresponding to D i and D2 , respectively. f is the dE/ dx in MeVcm2/g, taken as the "total mass
stopping power" , as defined recently
by the International Commission on
Radiation Units (1962). The calculated cross sections for x-ray and
heavy-ion inactivation are given in
Tables 1 a nd 2.

Extrapolation Numbers
The value of the extrapolation
number n is, in most experiments determined with large error limits.
Examination of the curves of F igure
9
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TABLE I

Inactivation Cross Sections for Aerobic Irradiation of Tl Cells with Heavy
Ions

Radia ti on
X Ray
D'
He'
Li 7
B't
c12
Nt'*
Q1 6
Ne 20
Ne20 *

A''

dE/ dx
(MeVcm 2/ g)
45
65
250
550
1650
2200
3000
3850
5800
11600
19400

D1 (rads)

388
358
213
143
82.6
66 . 3
85
92.6
103
200
208

±
±
±
±
±
±
±
±
±
±
±

51
48
32
41
8.3
1.0
JO
2.6
2
25
3.5

D 2( rads )

200
200
152
91
100

±
±
±
±
±

0-1 (µ2)

0- 2(µ2)

JO 0 . 186 ± 0.024 0.360
15 0.292 ± 0.038 0 .600
18 1.87 ± 0.27 2. 63
12 6. 16 ± 1.76 9 . 65
9
31.9 ± 3.2
26.4
53.1 ± 0 .8
56.5 ± 7 . I
66 .5 ± l.9
90.3 ± 1.8
92 . 5 ± 11 . 5
148 ± 3

±
±
±
±
±

0 .018
0 .045
0.32
1.27
2.6

4 shows no significant evidence of a
continuous decrease of n with increasing dE/ dx, but the extrapolation
number appears to fall abruptly to
unity near dE/ dx = 2000 MeV-cm 2 /
g. Large error limits make interpretation of the meaning difficult.

Inactivation Cross Sections
The data of Tables 1 and 2 are
plotted in Figures 8 and 9 on loglog scales, so that Figure 8 shows the
dependence upon dE/ dx of 0-1 in the
presence and absence of oxygen , and
Figure 9 shows the dE/ dx dependence
of 0- 2 in the presence and absence of
oxygen.
It is helpfu l to express 0-1 and o- 2 as
ana lytica l functions of dE/ dx. One
such function is

* D 1 and D 2 determ ined by visual est imation from plotted survival curves .

TABLE 2

Inactiva tion Cross Sections for Irrad ia tion of Tl Cells with Heavy Ions in the
Absence of O xyg en

Ra diat ion

dE/ dx
(MeVcm'/g)

D1 (rads )

D 2( rads )

u1(µ 2)

0- 2(µ ')

where a 1 is a consta nt coefficient, d i
is the thickness of the " target", and
0-1 ( "') is the maximum va lue of the
inactivation cross section, 0-1 , and
similarly for 0- 2. Since the na ture of
the " target" in the present situation
is not yet known , a more general
a nalytical function is desirable.
An elaborate statistical analysis of
the spatial distribution of ion-pa ir
clusters (not well known in condensed phases), leads to a table of
" track-segment" functions that are
in reasonable agreement with certain
observations on small test objects
(Brustad, 1962 ; Howard-Flanders,
1958). And Kondo (1963) has suggested that the dE/ dx dependence of
inactivation cross sections take the
form
<T1(E) = 0"1(

«> )[1

n

- exp ( - d1

L

amEm)],

0

X Ray*
D'*
He'
Li'*
Bn
C"
Q1 6*

A''

45
65
250
550
1650
2200
3850
19400

± 107
± 67
± 16
± 1. 7
(error
N.D .)
208 ± 20
334
236
107
76
93

0.066 ± 0.0086 0 . 128
0.138 ± 0.04 0 .286
226 ± 29 1 . 19 ± 0.38
1. 77
150 ± 28 3. 73 ± 1.06
5.85
111 ± 13 24 .6 ± 3 .7
23 .7
46 .4 ± 1.0
< 66.l (error

±
±
±
±
±

0.006
0.08
0 .23
1.09
2.4

N.D .)
149 ± 16

* D1 and D 2 determined by visual estimation from plotted survival curves.
N.D. not determined .

JO

with no clear explanation for the
existence of higher powers of E in the
exponent.
The functional dependence of 0-1
used here is based on the following
widely accepted observations :
(a) At low dE/ dx , interaction between radiation-produced free radicals is relatively improbable, due to
the distance between them, hence
they must de-excite or react with a
nearby reactive molecule, such as
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0 2 or a thiol. This is a first-order reaction and linearly dependent upon
t he linear radical concentration.
(b) At high dE/ dx, anoxic protection disappears, and free radicals are
thought to be produced in such close
proximity that they react with one
another rather than with other molecules, such as 0 2 or thiols. This is a
second-order reaction and dependent
upon the square of the linear radical
concentration (Kuppermann, 1961) .
The linear radical concentration is
directly proportional to dE/ dx, and
this kinetic reasoning is in agreement
with the following relationship:
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N
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u1(E) =

+ /3 E2)
+ .. · higher terms] l
u1( "' )[m + /3 E2].

u1( "') ! 1 - [1 - (m

Thus equation (3) on a log-log plot
of cross section against dE/ dx corresponds to a straight line at low
dE/ dx that bends upward at intermediate dE/ dx and saturates at high
dE/ dx so that

"':L
c

0"1(€)

0

<l)

(3)

where a and /3 are coefficients determined from experimental data, and
u,( "') is also determined experimentally. At low dE/ dx equation (3)
reduces to

0 .1

.....
u

0"1( "') [1

0"1( "') ,

as is obvious from the nature of equation (3) (Tobias and Ma nney, 1964 ;
Tobias and Todd, 1964).
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Fig. 8- Inactivation cross section u1
for Tl cells as a function of dE/ dx
under aerobic and anoxic conditions
of irradiation with ions of constant
velocity. The solid lines are plots of
equation (4) for aerobic and anoxic
irradiation conditions. The coefficient
er. has been divided by 3 to give the
anoxic curve.
Fig. 9-Inactivation cross section u 2
for Tl cells as a function of de / dx
under aerobic and anoxic conditions
of irradiation with ions of constant
velocity. The solid lines are plots of
equation (5) for aerobic and anoxic
irradiation conditions. The coefficient
er. has been divided by 3 to give the
predicted anoxic curve.
11

IONIZING RADIATIONS AND CULTURED HUMAN CELLS

Graphical analysis of the plots of
Figures 8 and 9 yield the following
numerical forms for equation (3):
cr1(e)

=

90[1 - exp ( - 4 X 10- 5 e
- 1.5 X 10- 7 e2)]

1 -

(4)

and
cr2(e)

=

28[1 - exp ( - 3

x 10-

4

- 6 X 10- 1 e2)]

e
(5)

in the presence of oxygen, where er is
in square microns and e is in MeVcm2/ g. The value found for cr 1( oo )
in equation (4) is 90 square microns,
which was also found by direct microscopic measurement to be near the
modal cross-sectional area of the
nuclei of Tl cells attached to plastic
under the conditions of irradiation.
It was assumed that the nuclear area
was elliptical.

Dependence of Inactivation Cross
Section on dE/ dx
Although there is no obvious physical basis for the functional form just
presented, it is in agreement with
radiation-chemical hypotheses suggested by Howard-Flanders (1958).
Consider that radiation-produced
free radicals may undergo any of
three different reactions :
R
R
R

+ A-.!f.4 R+ 0 2 ~ R+ R ~ R-

A

(6)

0- 0- H

(7)

R.

(8)

These state that an acitve radical R "
may react with unknown species A, it
may react with 0 2 to form a peroxide,
or it may react with a neighboring
radical. In each case, the fraction of
unreacted molecules is proportional
to

respectively, so the overall reaction
probably is

1 - exp { - K1[R"][A]
- K 2[R.][02] - Ks[R"] 2}
But since the linear concentration of
12

free radicals is proportional to dE/ dx
(ore), substitution gives, as the overall reaction probability
exp { -a(02)e -

(3€2 l

(9)

which is the same as the ratio cr(e) /
er ( oo). The dependence of the firstorder term on 0 2 is indicated in equation (9), and it is clear that the quadratic term does not contain the
oxygen concentration. Most experiments reported (including those in
this paper) indicate that cells are
about three times as sensitive to the
action of x-radiation in the presence
of oxygen (a bove about 10 3 ) as in
its absence. Thus, the values of a in
equations (4) and (5) have been divided by 3 to obtain the solid crosssection curves given in Figures 8 and
9, and the equations so obtained appear to predict the value of eat which
no oxygen effect is observed.

The Usefulness of RBE
If one wishes to use results of the
type presented here for hazards evaluation, particularly at low exposure
rates, then relative biological effectiveness ratios (RBE's) should be
determined on the basis of the initial
negative slopes of survival curves.
Although computer analyses have
been used to effect an evaluation of
the initial negative slopes of these
composite survival curves, they are
difficult to use for the estimation of
RBE's at low doses, due to the
changes in curve shape for radiations
of high dE/ dx. For this reason, the
whole curves of Figure 4 have been
used to estimate RBE's as dose ratios
(x-ray / heavy-ion) for a given survival at a variety of survival levels. The
result is a family of RBE curves with
survival level as parameter, that is,
just another way of presenting the
data of Figure 4. This family of
curves is shown in Figure 10.
The main point illustrated by this
figure is the high RBE at low doses
and the low RBE at high doses of
ions having dE/ dx in the range of
1000 to 5000 MeV-cm 2-g- 1 . In the
absence of oxygen, of course, these
RBE values would be multiplied by
another factor of about 3.0. A similar factor would apply in the presence
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Fig. 10-Plots of RBE against - dE/ x for inhibition of colony formation by Tl
cells for various levels of survival.

of cysteamine. The RBE's would, of
course, be reduced by IUdR, as
would survival to low-dE/ dx radiation (Tym and Todd, 1964) . On the
basis of the preceding paragraph,
then, the applicable RBE's at low
exposure rates are the highest ones
shown on Figure 10. This reflects the
immodifiability of the lethal effect by
fractionation described under " Results."
Summary

Some aspects of the radiosensitivity
of single human cells have been examined in vitro. So far, all factors
which tend to modify sensitivity to
x-radiation appear not to modify ~br
to modify less effectively) the effects
upon single cells of high-dE/ dx radiation. Whenever the hazards of heavily
ionizing radiations are being evaluated, chronic exposure must be considered equivalent to acute exposure,
and any attempts to modify the effects of densely ionizing radiations
at the cellular level are probably useless.
In the case of cultured human cells,

the RBE is dependent upon the endpoint because of the differentlyshaped survival curves . Thus, for
example, the RBE of fast carbon ions
for 50 3 survival is about 6, whereas,
it is only about 2 for 1 3 survival.
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